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Abstract 
An interactive graphical analysis-design environment for determining 
the ultimate capacity and reduction factors for cold-formed purlin-
sheeting systems is presented herein. The technique employs an 
elastoplastic nonlinear finite element approach, and the predicted 
results are in good agreement with those obtained from full-scale 
vacuum tests. This approach is used to derive reduction R-factors 
according to the recommended design approach in the current design 
standards. This approach can be very useful in exploring practical 
design scenarios that are beyond the scope of the current standards. 
The approach can be used for checking both strength and serviceability 
limit states, and can predict the failure mode and location.  
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1. Introduction 
 
Cold-formed steel sections are widely used as purlins, girts and 
sheeting in the cladding of roofs and walls of large structures such as 
industrial buildings and warehouses. The cost of cladding is an 
estimated 60% of the total cost of steelwork in such structures. The 
structural response of the purlin-sheeting system is complicated due to 
the interaction between the purlin and the sheeting, the asymmetric 
nature of purlin cross-section and the presence of intermediate bridging 
and lapping. 
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 A number of full-scale tests of purlin-sheeting systems have been 
performed to obtain their load carrying capacity both under uplift and 
downward loading1-4. Based on the results of these experiments, many 
researchers have attempted to establish a rational method for 
designing purlin-sheeting cladding systems. For the AISI 
specifications5, LaBoube3 derived an empirical method for estimating 
the purlin ultimate capacity. This approach does not account for the 
effect of bridging. In Australia, comprehensive tests on purlin/sheeting 
system using vacuum test rigs have been performed4. The results from 
these full-scale tests were used to form an empirical R-factor design 
method that has been adopted in the Australian standards for cold-
formed steel structures6. The use of this empirical method is, however, 
limited to the range of purlin-sheeting systems that were tested. 
Another experimental programme was conducted in Finland to 
determine design parameters for various purlin sections under 
downward loading7. 
Full-scale testing of purlin-sheeting system is an expensive exercise, 
and various analytical and numerical models have been proposed to 
estimate the load carrying capacity of the purlin-sheeting system. Some 
of these models are based on the premise that failure is governed by 
the lateral-torsional buckling of the purlin, and the experimental results 
have shown that failure is usually governed by a local and distortional 
elastoplastic buckling. Based on the actual purlin failure behaviour 
obtained from full-scale tests, Rousch and Hancock4 proposed a non-
linear elastic beam-column model. Lucas et al.8,9 proposed two 
nonlinear elastoplastic finite element models, the full model and 
simplified model. These two models account for the sheeting restraint, 
bridging and lapping and have shown good predictions in comparison 
with full-scale test results.  
This paper adopts the simplified model9, the Purlin Analyzer, to develop 
an interactive analysis-design environment for purlin-sheeting cladding 
systems. The Purlin Analyzer allows the designer to explore strength 
and serviceability limit states under various loading regimes, multiple 
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span configurations and various bridging and lapping arrangements. It 
allows the designer to search for an optimum design rather than be 
restricted by the recommended design capacity tables. In this work, the 
tool is used to derive and tabulate R-factors according to the 
recommended design method for purlins in the AS/NZS 4600:1996 
specifications6. 
 
2. Nonlinear Elasto-plastic Finite Element Technique 
 
Purlin members under applied uplift or downward loading undergo 
significant cross-sectional distortion from the onset of loading. The 
sheeting that is attached to the purlin provides two restraining effects: 
shear stiffness and rotational stiffness. The rotational stiffness in 
particular varies with sheeting type, purlin type and dimension and 
screw spacing. The finite element technique developed by Chin et al.10 
proved to be effective in modelling the nonlinear response of purlin-
sheeting systems8,9. 
In this approach, a rectangular thin plate element has 4 corner and 2 
mid-edge nodes with a total of 30 degrees of freedom (dof): 14 dof for 
the membrane actions and 16 dof for flexural actions, has been used. 
Figure 1 shows this thin plate element with generalised forces and 
displacements. This element is used to model the purlin and the 
sheeting. An updated-Lagrangian framework and an incremental-
iterative nonlinear solution strategy are adopted.  A lumped plasticity 
approach is used to model the elastoplastic response. The linear and 
geometric stiffness matrices for this element were derived explicitly 
using symbolic manipulation, thereby eliminating the need for the time-
consuming process of numerical integration11. This approach is capable 
of predicting the elastoplastic nonlinear response of thin-walled 
structures under any loading and boundary conditions12.  
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3. Modelling of Cold-formed Purlin-sheeting System 
 
Two models that incorporate both the lateral and rotational restraint 
from the sheeting have been developed, and are referred to as the Full 
Model (FM)8 and the Simplified Model (SM)9. These two models are 
briefly described here. 
 
3.1 Full Model 
This model fully incorporates both purlin and sheeting profiles. The 
purlin is connected to the sheeting by way of screws through the crest 
of the sheeting and the purlin flange. Constraint conditions that 
represent the vertical, lateral, and rotational compatibility between the 
sheeting and the purlin at the screw connection are applied. The 
evolution of any contact between the purlin and the sheeting during 
loading is monitored and accounted for in the nonlinear analysis. The 
accuracy of the FM has been verified against extensive vacuum test 
experimental results8. Typical lipped C and Z cold-formed purlins with 
different sheeting profiles were tested under uplift and downward 
loadings, and single, double and triple span configurations. Lapping 
and rows of bridging on some purlins were also included. The finite 
element analyses show that the FM is able to predict the failure loads of 
purlins within a 5% range of the experimental capacities. In addition, 
the FM is able to predict the precise mode of failure of the purlin. Based 
on this model, the lateral and rotational restraint of the sheeting for any 
purlin-sheeting combination can be assessed. 
 
3.2 Simplified Model 
The FM is computationally intensive and time consuming. For this 
reason, a simple version of the FM that is more suited to the design 
environment has been developed 9. In this simplified model, SM, the 
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purlin is discretised in the same manner as for the FM. However, the 
restraining effects from the sheeting on the purlin are represented by 
springs attached to the centre of top flange of the purlin as depicted in 
Figure 2. These springs are used to provide the shear and rotational 
stiffness of the sheeting.  
In conjunction with the SM, two numerical tools based on FM have 
been developed to determine the magnitude of the sheeting shear and 
rotational stiffness, Kry and Krx respectively. The first tool, the Double 
Beam Shear Test (DBST) model, has been developed to determine the 
sheeting shear stiffness and its variation with sheeting profile and 
span8. Considering that the typical span of sheeting ranges from 900 
mm to 3300 mm and the common sheeting profiles in Australia are 0.42 
mm and 0.48 mm thick, the sheeting shear stiffness is evaluated using 
the DBST and found to be in the range of 300 to 1500 kN/rad. Within 
this range, the lateral and vertical displacements of the purlin are not 
significantly sensitive to variation in the sheeting shear stiffness. 
Therefore, a standard value of 1000 kN/rad is used as shear stiffness in 
the SM.               
Values of common sheeting rotational restraint are, however, sensitive 
to purlin size and, to a lesser extent, sheeting profile and sheeting 
span. A second numerical tool, the Rotational Restraint Model (RRM), 
has been developed to determine the rotational stiffness of the 
sheeting8.  For any purlin-sheeting combination, the RRM is used to 
calculate the appropriate value for the rotational stiffness to be used in 
the SM. These values were presented in a chart for the common purlin-
sheeting combinations that are used in practice9.  
 
4. The Purlin Analyzer 
The Purlin Analyzer environment, as shown in Figure 3, is a nonlinear 
analysis software package that has been developed based on the SM 
to provide an interactive nonlinear analysis-design environment for 
cold-formed steel cladding. The software allows multiple load 
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combinations, with different distributed loads on different spans and a 
combination of distributed and concentrated loading. It also allows 
multiple continuous spans with overhangs, multiple lap lengths and 
bridging. This software integrates nonlinear analysis and design into 
one interactive environment through user-friendly interfaces for pre- 
and post-processing and a database of commercial cold-formed purlins.  
Problem specifications are introduced through a graphical interface that 
is shown in Figure 4. Various parameters such as number of spans, the 
length of each span, purlin section, support type, lap and bridging 
configurations need to be specified.  Loading type and magnitude has 
to be specified, as shown in Figure 5. Following this, numerical model 
generation and nonlinear analysis can proceed. Summaries of the 
nonlinear analysis results such as ultimate load factor, failure type and 
location and maximum displacements at the ultimate load are 
displayed, as shown in Figure 6. Various post-processing interfaces 
can be displayed to show various displacement components along the 
purlin (see Figure 7) or to perform serviceability checks (see Figure 8). 
 
 
 
 
5. Validation of the Purlin Analyzer 
 
The numerical predictions of the Purlin Analyzer are compared against 
22 vacuum test experimental results,1,4 as shown in Table 1. All of the 
test results shown in this table are under uplift load, which is the 
dominant loading condition in Australia. The results for single, double 
and triple spans are shown in Table 1.  
The first column in the table gives the test identification1,4. The purlin 
section, Z or C, dimensions are given in the second column: for 
example, Z150-19 indicates a Z-purlin with 150 mm depth and 1.9 mm 
wall thickness. The measured yield stress (MPa) of the purlin is given in 
the third column. The fourth column gives number of spans with the 
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length of each span (mm) in column 5. Column six gives the bridging 
details: for example, 2-1-2 indicates that for a three span purlin, two 
rows of bridging are used for the first and third spans and one row is 
used in the second (central) span. The lap length, if any, as a 
percentage of span length is given in column 7. The ultimate load 
(kN/m) obtained from the vacuum test (Qexp) is given in column 8. For 
each of these tests, two numerical predictions of the ultimate capacity 
are obtained using the Purlin Analyzer. The first prediction (Qcm) given 
in column 9 is obtained by using the measured yield stress given in 
Table 1. A second prediction of the ultimate capacity (Qnm) is made 
using a nominal yield stress of 450 MPa and is given in column 10. 
Columns 11 and 12 give the ratios of the experimental results to both of 
the numerical predictions, Qcm and Qnm respectively. 
It is clear from Table 1 that the numerical predictions are in very good 
agreement with the experimental results. Using the measured yield 
stress, the mean value of Qexp/Qcm is 0.97 with a standard deviation of 
0.0726. In a normal design situation, the nominal rather than measured 
yield stress is usually available. Based on the nominal value, the mean 
value of Qexp/Qnm is 1.05 with a standard deviation of 0.0770.  
To assess the reliability of the Purlin Analyzer in real design, a reliability 
index β is calculated using the following equation4
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mmm
VVV
FMP
φβ                (1) 
 
in which Pm is a mean ratio of experimental to predicted failure load, Mm 
and Fm are mean ratios of actual yield stress and section thickness to 
nominal values, respectively. VP, VM and VF are standard deviations of 
Pm, Mm and Fm respectively. For a reliable design, a minimum value of 
2.5 for β is generally specified. Based on the results given in Table 1, 
the reliability index for the predicted results (Qcm) from the Purlin 
Analyzer is 2.58 for unbridged purlins and 2.57 for bridged purlins.  
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6. Calculation of Reduction R-factors 
 
Both the AISI5 and the Australian Standards6 adopt a reduction factor, 
R-factor, design approach for purlins. In the Australian Standards6, the 
capacity of Z and C-purlins that have one flange through-fastened to 
sheeting can be found from 
yeb fRZM =          (2) 
where Mb is the design moment capacity of the purlin, R is a reduction 
factor, Ze is the effective section modulus and fy is material yield stress. 
R-factors were calibrated using experimental capacities of single-, 
double- and triple-span purlins with and without bridging2. For the 
purlins and sheeting that are commonly used in Australia, R-factors 
have been tabulated in AS46006. However, the use of these 
recommended R-factors is inhibited by the limited number of 
experimental tests used in the calibration.  
In this section, the Purlin Analyzer is used to derive R-factors for 
various purlins. The methodology used is consistent with that followed 
in the calibration of R-factors using the experimental results2. A nominal 
failure load, Qmid, based on the maximum bending moment near the 
mid-length of the end span is used. The Purlin Analyzer is used first to 
predict the ultimate load (Qcm or Qnm kN/m) and failure location. The 
predicted ultimate load is either based on measured yield stress, Qcm, 
or nominal yield stress, Qnm. Following this, a linear analysis of the 
same purlin system is carried out under 1 kN/m load, and the maximum 
bending moment near mid-length of the end span is determined, Mmid. 
The nominal moment capacity, Mn, of the purlin is obtained using Eq. 2 
with R=1. The nominal failure load, Qmid, is calculated by scaling Mmid to 
Mn. Finally the R-factor is calculated by dividing Qcm (or Qnm) by Qmid.    
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Table 2 compares the calculated R-factors using the Purlin Analyzer, R, 
against the recommended R-factors6, RAS4600, for the 22 vacuum test 
results that are used in Table 1. Using the results in Table 2, average 
R-factors based on the number of spans and bridgings are shown in 
Table 3, together with RAS4600 and those based on the experimental 
results2, Rexp. It is clear that the R-factors obtained from the Purlin 
Analyzer compare well with those based on experimental results. The 
RAS4600 recommended values represent a lower bound because they 
were derived from Rexp less one standard deviation.  
Based on this agreement between the derived R-factors from the Purlin 
Analyzer and the experimental results, the Purlin Analyzer can be used 
with confidence to calculate R-factors for other practical design cases. 
Table 4 lists calculated R-factors using the Purlin Analyzer for various 
2, 4 and 5 span purlins with various bridging and lap configurations 
under the action of uplift loading. The results are compared with 
recommended R-factors in AS4600, wherever available. Also shown in 
Table 4 is the location of failure as predicted by the Purlin Analyzer. In 
this Table, nominal yield stress, location of bridging and 15% lap length 
are designated according to common design tables13. For C300-30 
double span purlin with no lapping, the R-factors from the Purlin 
Analyzer are lower than the recommended RAS4600, keeping in mind that 
the recommended values are for a lapped double span purlin, which is 
not practically possible for a C-purlin. For all of the remaining cases 
shown in Table 4, the recommended RAS4600 appear to be conservative 
and on average underestimate the ultimate capacity by about 17%. 
Table 5 also shows the predicted location of failure, which is usually 
localised in the vicinity of bridging, lap or internal support rather than 
flexural-torsional buckling. 
 
7. Conclusions 
 
An elastoplastic nonlinear analysis technique has been employed to 
predict the ultimate capacity of cold-formed purlin-sheeting systems. 
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The technique is encapsulated in an interactive graphical analysis-
design environment. The predicted results from this technique compare 
very well with full-scale vacuum test results, with a good reliability 
index. Reduction R-factors based on the predicted ultimate capacities 
have been calculated. The obtained average R-factors compare very 
well with those calibrated from the experimental results, and are higher 
than the lower bound recommended by the design standards. The 
recommended R-factors in the design standards are limited to the 
cases that have been tested. As shown in Table 4 for the unlapped C-
purlin, R-factors that are obtained from design standards can 
overestimate the capacity when compared to the predictions from the 
current analysis. The current analysis-design environment is ideal for 
investigating design scenarios outside the limitations of current 
standards, and can be used to optimise practical large scale projects.  
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          Table 1  Comparison of predicted ultimate load with experiment 
 
 
Test 
 
 Section 
 
 
fy 
(Mpa) 
 
Span
 
Length
(mm) 
 
Bridge
 
% 
Laps
 
Qexp
(kN/m)
 
Qcm
(kN/m)
 
Qnm
(kN/m)
 
Qexp/ 
Qcm 
 
 
Qexp/ 
Qnm 
 
             
S1T1 Z150-19 487 3 7000 0-0-0 6.43 2.31 2.66 2.49 0.87 0.93
S1T2 Z150-19 487 3 7000 1-1-1 6.43 2.63 2.78 2.56 0.95 1.03
S1T3 Z150-19 487 3 7000 2-1-2 6.43 2.98 3.08 2.86 0.97 1.04
S1T4 Z200-15 520 3 7000 0-0-0 6.43 2.58 2.58 2.52 1.00 1.02
S1T5 Z200-15 520 3 7000 1-1-1 6.43 2.94 3.08 3.13 0.95 0.94
S1T6 Z200-15 520 3 7000 2-1-2 6.43 3.87 3.33 3.47 1.16 1.12
S1T7 Z200-19 495 3 7000 0-0-0 6.43 3.51 3.87 3.63 0.91 0.97
S1T8 Z200-19 495 3 7000 1-1-1 6.43 4.28 4.22 4.03 1.01 1.06
S1T9 Z200-19 495 3 7000 2-1-2 6.43 4.55 4.90 4.66 0.93 0.98
             
S2T1 Z300-25 485 2 10500 0-0 7.14 4.33 4.34 3.96 1.00 1.09
S2T2 Z300-25 485 2 10500 1-1 7.14 4.93 5.65 5.09 0.87 0.97
S2T3 Z300-25 485 2 10500 2-2 7.14 5.77 5.97 5.24 0.97 1.10
             
S3T1 Z200-24 529 1 7000 0  3.28 3.76 3.26 0.87 1.01
S3T2 Z200-24 529 1 7000 1  3.69 4.10 3.50 0.90 1.05
S3T3 Z200-24 529 1 7000 2  4.76 5.05 4.37 0.94 1.09
S3T4 C200-24 518 1 7000 0  3.63 3.72 3.21 0.98 1.13
S3T5 C200-24 518 1 7000 1  3.63 3.54 2.99 1.03 1.21
S3T6 C200-24 518 1 7000 2  4.71 4.63 3.91 1.02 1.20
S7T1 Z200-15 529 1 7000 0  1.85 1.68 1.68 1.10 1.10
S7T2 C200-15 551 1 7000 0  1.7 1.65 1.60 1.03 1.06
S7T3 C200-15 517 1 7000 1  1.77 1.75 1.61 1.01 1.10
S7T5 C200-15 512 1 7000 2  1.95 2.08 1.95 0.94 1.00
         Mean 0.97 1.05
         Stdev 0.0726 0.0770
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                                  Table 2  Calibration of R-factors  
 
Test 
Purlin 
Section 
Qcm 
(kN/m) 
Qmid 
(kN/m) 
R = 
Qcm/Qmid RAS4600
      
S1T1 Z150-19 2.66 2.95 0.90 0.75 
S1T2 Z150-19 2.78 2.95 0.94 0.85 
S1T3 Z150-19 3.08 2.87 1.07 1.00 
S1T4 Z200-15 2.58 3.24 0.80 0.75 
S1T5 Z200-15 3.08 3.24 0.95 0.85 
S1T6 Z200-15 3.33 3.24 1.03 1.00 
S1T7 Z200-19 3.87 4.65 0.83 0.75 
S1T8 Z200-19 4.22 4.65 0.91 0.85 
S1T9 Z200-19 4.90 4.65 1.05 1.00 
      
S2T1 Z300-25 4.34 6.49 0.67 0.60 
S2T2 Z300-25 5.65 6.49 0.87 0.70 
S2T3 Z300-25 5.97 6.56 0.91 0.80 
      
S3T1 Z200-24 3.76 4.19 0.90 0.75 
S3T2 Z200-24 4.10 4.19 0.98 0.85 
S3T3 Z200-24 5.05 4.19 1.21 1.00 
S3T4 C200-24 3.72 4.24 0.88 0.75 
S3T5 C200-24 3.54 4.24 0.83 0.85 
S3T6 C200-24 4.63 4.24 1.09 1.00 
S7T1 Z200-15 1.68 2.32 0.72 0.75 
S7T2 C200-15 1.65 2.40 0.69 0.75 
S7T3 C200-15 1.75 2.32 0.75 0.85 
S7T5 C200-15 2.08 2.30 0.90 1.00 
      
 
 
 
 
                                  Table 3  Comparison of averaged R-factors 
 
 
Row Bridging 
at End Span 
 
 
R 
 
 
Rexp
 
 
RAS4600
 
1- & 3-span 
   
0 0.82 0.79 0.75 
1 0.89 0.89 0.85 
2 1.06 1.09 1.00 
2-Span    
0 0.67 0.67 0.60 
1 0.87 0.76 0.70 
2 0.91 0.88 0.80 
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 Table 4  Predicted R-factors for various purlins 
 
Section 
 
 
Span 
(m) 
 
Row 
Bridg 
 
% 
Lap 
 
Mn
(kN-m)
 
Mmid
(kN-m)
 
Qmid
(kN/m)
 
Qnm
(kN/m)
 
R
 
R 
AS4600 
 
Failure 
 
 
           
Z100-10 2x5.0 0-0 15 2.63 1.64 1.60 1.42 0.89 0.60 end lap 
Z100-10 2x5.0 1-1 15 2.63 1.64 1.60 1.51 0.94 0.70 near bridge 
Z100-10 2x5.0 2-2 15 2.63 1.64 1.60 1.60 1.00 0.80 near bridge 
Z100-10 2x5.0 3-3 15 2.63 1.64 1.60 1.76 1.10 - near bridge 
           
C300-30 2x8.5 0-0 0 55.80 5.08 10.98 5.86 0.53 0.60 mid supp 
C300-30 2x8.5 1-1 0 55.80 5.08 10.98 6.76 0.62 0.70 mid supp 
C300-30 2x8.5 2-2 0 55.80 5.08 10.98 7.07 0.64 0.80 mid supp 
C300-30 2x8.5 3-3 0 55.80 5.08 10.98 7.26 0.66 - mid supp 
           
Z350-30 4x10.5 0-0-0-0 15 67.95 8.00 8.49 7.04 0.83 0.75 end lap 
Z350-30 4x10.5 1-1-1-1 15 67.95 8.00 8.49 8.24 0.97 0.85 near bridge 
Z350-30 4x10.5 2-1-1-2 15 67.95 8.00 8.49 9.81 1.16 1.00 near bridge 
Z350-30 4x10.5 3-2-2-3 15 67.95 8.00 8.49 9.92 1.17 1.00 near bridge 
           
Z350-30 5x10.5 0-0-0-0-0 15 67.95 8.11 8.38 7.20 0.86 0.75 end supp 
Z350-30 5x10.5 1-1-1-1-1 15 67.95 8.11 8.38 8.25 0.98 0.85 near bridge 
Z350-30 5x10.5 2-1-1-1-2 15 67.95 8.11 8.38 9.70 1.16 1.00 near bridge 
Z350-30 5x10.5 3-2-2-2-3 15 67.95 8.11 8.38 9.90 1.18 1.00 near bridge 
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Figure 1  Rectangular thin-plate element  
 
 
 
 
 
 
 
Figure 2 Modelling of sheeting restraint 
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Figure 3  Main Menu 
 
 
 
 
Figure 4  Purlin span specification 
 16
  
 
Figure 5  Purlin loading specification 
 
 
 
Figure 6  Analysis results 
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Figure 7  Ultimate load and displacements output 
 
 
 
 
 
Figure 8  Serviceability check 
 
 18
List of Tables 
 
Table 1  Comparison of predicted ultimate load with experiment 
Table 2  Calibration of R-factors 
Table 3  Comparison of average R-factors 
Table 4  Predicted R-factors for various purlins 
 
 
List of Figures 
 
Figure 1 Rectangular thin-plate element 
Figure 2 Modelling of sheeting restraint 
Figure 3 Main menu 
Figure 4 Purlin span specification 
Figure 5 Purlin loading specification 
Figure 6 Analysis results 
Figure 7 Ultimate load and displacements output 
Figure 8 Serviceability check 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 19
